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Abstract
Heusler compounds and alloys based on them are of great recent interest because they
exhibit a wide variety of spin structures, magnetic properties, and electron-transport
phenomena. Their properties are tunable by alloying and we have investigated L21ordered compound Ru2MnSn and its alloys by varying the atomic Mn:Sn composition.
While antiferromagnetic ordering with a Néel temperature of 361 K was observed
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in Ru2MnSn, the Mn-poor Ru2Mn0.8Sn1.2 alloy exhibits properties of a diluted antiferromagnet in which there are localized regions of uncompensated Mn spins. Furthermore, a noncoplanar spin structure, evident from a topological Hall-effect contribution to the room-temperature Hall resistivity, is realized in Ru2Mn0.8Sn1.2. Our combined
experimental and theoretical analysis shows that in the Ru2Mn0.8Sn1.2 alloy, the magnetic properties can be explained in terms of a noncoplanar antiferromagnetic scissor
mode, which creates a small net magnetization in a magnetic field and subsequently
yields a Berry curvature with a strong topological Hall effect.
Keywords: Heusler compounds, Antiferromagnetism, Topological Hall effect

1. Introduction
Antiferromagnetic materials with small or zero magnetization are of
interest for spintronics applications, because they cause little or no
fringing fields and may exhibit ultrafast dynamics and interesting magnetotransport properties [1–3]. Antiferromagnets with noncoplanar
noncollinear spin structures often show a large topological Hall effect
(THE) and manifest magnetic skyrmions, and have therefore attracted
much attention in recent years [4–10]. In the case of the noncentrosymmetric ferromagnetic materials including B20-type cubic magnets, the
topological properties are usually observed for a limited temperature
range immediately below the magnetic transition temperatures [11,12].
By contrast, some antiferromagnets develop noncollinear spin structures
from the Néel temperature (TN) deep into the antiferromagnetic phase
at low temperatures [4–8]. For applications, it is important to find magnetic materials that exhibit non-collinear spin structures exhibiting THE
and have TN > 300 K. The present paper differs from the usual atomicscale noncollinearity by investigating a Berry curvature and topological
Hall effect of micromagnetic origin, but different from traditional thinfilm skyrmions realized on a nanoscale.
Heusler compounds are an important class of materials that show a
variety of interesting electronic and magnetic properties including large
spin polarization, half metallicity, high anisotropy and magnetization,
large anomalous and topological Hall effects, and skyrmion spin structures [13–17]. Our focus is on Ru2MnSn, which is a full Heusler alloy and
whose magnetic properties are intriguing for the following reasons. Theoretical calculations based on full-potential screened Korringa- KohnRostoker Green-function method predict that Ru2MnSn is a half-metallic
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ferromagnet exhibiting Slater-Pauling behavior [18]. However, experimentally, Ru2MnSn is an antiferromagnet with TN = 296 K [19]. These
findings suggest that a small perturbation in the electronic structure may
have a substantial effect on the magnetic properties of Ru2MnSn. While
Sn is a nonmagnetic element, its electron count often drastically changes
the electronic structure and magnetism in Mn-based compounds [20].
In this paper, the Mn to Sn ratio is varied to tailor the magnetic properties of the alloys. Emphasis is on the comparison of the Mn-poor alloy Ru2Mn0.8Sn1.2 with the parent compound Ru2MnSn, but the Mn-rich
composition Ru2Mn1.2Sn0.8 is also considered for reference. In the Mnpoor alloy, we achieve an antiferromagnetic spin structure that exhibits
a noncoplanar spin structure with associated Berry curvature and topological Hall effect.
2. Experimental and computational methods
The alloys were fabricated using the following processing steps. First,
high-purity Ru, Mn, and Sn with appropriate amounts were melted using
a conventional arc-melting method to produce ingots having the desired
compositions. Second, the arc-melted alloys were re-melted to a molten
state in a quartz tube and subsequently ejected onto the surface of a water-cooled copper wheel rotating at a speed of 10 m/s to form ribbons of
approximate width 2 mm and thickness 70 μm. The details of the meltspinning method are described in Ref. [21]. Finally, the melt-spun ribbons were sealed in a quartz tube with a base pressure of 3 × 10–6 Torr,
annealed at 900 °C for one hour, and then quenched in a cold water to
obtain the samples, which were characterized using various techniques.
The structural properties of the polycrystalline alloys were investigated with a Rigaku Smart Lab X-ray Diffractometer using Cu Kα radiation of a wavelength of 1.5406 Å and scanning transmission-electron
microscope (STEM: Thermo Fisher Scientific Osiris). The TOtal PAttern
Solution (TOPAS) software was used to perform Rietveld analysis on
the X-ray-diffraction (XRD) patterns. The composition was measured
by energy dispersive x-ray spectroscopy (EDS), using a Thermo Fisher
Scientific spectrometer attached to the STEM. Magnetic and electrontransport properties were measured using a Quantum Design Physical
Property Measurement System (PPMS).
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First-principles calculations were carried out using the projector
augmented wave (PAW) method [22] within density functional theory
(DFT) as implemented in the VASP (Vienna ab initio Simulation Package) code [23,24]. The exchange and correlation energy were treated
within the spin-polarized generalized gradient approximation (GGA)
and parameterized by the Perdew-Burke-Ernzerhof formula (PBE) [24].
A plane-wave basis was used with a kinetic energy cutoff of 520 eV. The
Monkhorst–Pack’s sampling scheme [25] was adopted for Brillouin zone
sampling with a k-point grid of 2π × 0.025 Å–1, and the ionic relaxations
were stopped when the forces on every atom became smaller than 0.01
eV/Å. The energy convergence criterion is 10–5 eV.
3. Results and discussion
This paper focuses on the composition-dependent structural, magnetic,
and electron-transport properties of the Ru-Mn-Sn alloys. In this section, we present the structural properties followed by the magnetic and
magnetotransport properties. Density-functional theory (DFT) and analytical calculations are used to understand the experimental results on
magnetism, magnetoresistance, and topological Hall effect.
3.1. Structural properties

XRD patterns were analyzed by the whole profile-pattern-fitting-method
(Rietveld analysis) using Topas v5 software (Bruker AXS) to determine
the structure of the Ru2MnSn-based alloys. The peak intensities are
therefore calculated based on the structure factors for the given cell
and the respective site occupancies by different atoms. As shown in
Fig. 1(a), the experimental XRD patterns of the three alloys are fitted using Rietveld analysis and indexed to the L21 Heusler structure. The enlarged experimental XRD patterns in the lower-angle region (2θ = 21°
to 34°) also reveal the presence of the (111) peak as shown in Fig. 1(b),
and this is a clear indication for the formation of L21 Heusler structure
in these alloys, which is schematically shown in Fig. 2.
As compared to the (111) diffraction peak, the (002) diffraction
peak is virtually invisible in Ru2MnSn and exhibit weak intensity in
Ru2Mn0.8Sn1.2 (Fig. 1(b)). Note that the (002) diffraction peak has been
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Fig. 1. (a) A comparison of the experimental patterns of Ru2Mn1.2Sn0.8, Ru2MnSn, and
Ru2Mn0.8Sn1.2 (black curves) with the corresponding simulated XRD patterns for the
L21-ordered structure obtained by using Rietveld analysis (red curves). (b) The experimental XRD patterns are enlarged in the 2θ range of 21° to 34° for visualizing the
relatively weak (111) and (002) diffraction peaks.

Fig. 2. Unit cell of Ru2MnSn.
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observed to become weaker or be completely absent depending on the
degree of site disorder in the L21-ordered Heusler alloys [26]. From simulations, we also observe that the intensity changes of the (111) and
(002) diffraction peaks of the Ru2MnSn-based alloys are due to the site
disorder between Mn and Sn atoms. About 25% site disorder between
Mn and Sn atoms will result in a rather weak (111) peak and almost negligible (002) peak. This is quite similar to what we observed in the cases
of Ru2MnSn and Ru2Mn0.8Sn1.2.
By contrast, for the Ru2Mn1.2Sn0.8 sample, the (002) and (004) XRD
peaks are relatively stronger than the corresponding XRD peaks of the
other two samples. This is likely due to texture in the sample, which was
also included in the Rietveld analysis. In brief, Rietveld fittings are consistent with the occupancies of excess Sn on Mn sites and Mn on Sn sites
in the Mn-poor and Mn-rich alloys, respectively. In addition, XRD patterns rule out the detectable presence of secondary phase in these alloys, within the detectable limit of about 1 wt%. Fig. 1(b) also shows a
shift in the peak position of the diffraction peaks towards higher angle
side in Ru2Mn0.8Sn1.2 and Ru2Mn1.2Sn0.8 as compared to Ru2MnSn. This result is consistent with slightly lower lattice parameters obtained using
Rietveld analysis for Ru2Mn0.8Sn1.2 (a = 6.1902 Å) and Ru2Mn1.2Sn0.8 (a =
6.1625 Å) as compared to Ru2MnSn (a = 6.2178 Å).
Transmission-electron microscopy (TEM) also confirms the L21 Heusler structure of the alloys. For example, Fig. 3 shows a TEM image (a)
and the corresponding electron diffraction pattern measured along
the [001] zone axis (b) for Ru2Mn1.2Sn0.8. The experimental electron

Fig. 3. Structure of Ru2Mn1.2Sn0.8: (a) TEM image and (b) the corresponding diffractogram indexed to the L21-ordered structure along the [001] zone axis.
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diffraction pattern is in good agreement with the simulated pattern (not
shown here), which was obtained by using the Landyne-SAED3 software [27] and assuming the L21 Heusler structure. The composition determined using EDS for the sample is Ru1.99Mn1.22Sn0.79, very close to the
nominal composition Ru2Mn1.2Sn0.8.
3.2. Magnetic properties

Fig. 4 shows the magnetizations of the three alloys as a function of
temperature (a) and field (b). The blue curve in (a) shows that the
Ru2Mn1.2Sn0.8 has a nonzero spontaneous net magnetization or ‘saturation magnetization’ Ms below the Curie temperature Tc = 310 K, meaning
that the basic spin structure of the alloy is ferromagnetic-like (FM). The
spontaneous magnetization of this Mn-rich sample is fairly high, about
400 emu/cm3, which corresponds to 2.52 μB per formula unit (f.u), and
the low-temperature coercivity is about 0.38 kOe [Fig. 4 (b)].
The other two samples have much lower magnetizations in a field
of 1 kOe, namely about 0.08 emu/cm3 (Ru2MnSn) and 0.4 emu/cm3
(Ru2Mn0.8Sn1.2) at 10 K [Fig. 4(a)]. This plus the low magnetization in
Fig. 4(b) suggests that the spin structures are basically antiferromagnetic (AFM). The stoichiometric sample (green) shows a maximum at

Fig. 4. Magnetic properties: (a) temperature-dependence of the magnetization in a
field of 1 kOe and (b) field dependence of the magnetization measured at 10 K. Note
the greatly reduced vertical scales in the green and red parts of (a). The inset in (a)
shows the M(T) curve of the Ru2Mn0.8Sn1.2 alloy indicating a slope change or very weak
shoulder around 310 K (see the text for details).
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an apparent Néel temperature of 361 K [Fig. 4(a)]. There is another
maximum around 50 K, reminiscent of similar unexplained maxima in
Ru2MnZ (Z = Sn, Si, Sb) [19]. However, a comparison of the blue and
green curves in Fig. 4(a) shows that the additional peak in the stoichiometric sample (green) mirrors the main FM signal of Mn-rich alloy (blue). This indicates the presence of a tiny fraction of a FM impurity phase, which becomes visible due to the very small magnetization of
the main AFM phase. Based on the magnetizations of Ru2Mn1.2Sn0.8 [blue
curve in Fig. 4(a)] and Ru2MnSn [green curve in Fig. 4(a)] at low temperatures (around 10 K), the FM impurity phase in Ru2MnSn was estimated
to be about 0.03 vol%. Note that this secondary phase was not detectable using XRD and TEM due to the very small fraction.
The Mn-poor sample has a very small magnetization and does not
show any clear magnetic phase-transition signatures. While such a low
magnetization may also indicate that the sample is nonmagnetic (paramagnetic), this explanation is unlikely because of relatively high slope
of the red curve in Fig. 4(b). By considering the AFM state of Ru2MnSn,
the Mn-poor sample is likely to be basically AFM, but with a deficiency
of Mn atoms on sites occupied in the parent compound. Thus, the magnetic structure very likely can be described as a “diluted” AFM in which
there are localized regions or clusters of uncompensated Mn spins.
This would account for the increase in magnetization and susceptibility of the Ru2Mn0.8Sn1.2 sample as compared to the Ru2MnSn sample, as seen in Fig. 4. The evidence for a magnetic transition is rather
weak but may be associated with the weak shoulder at 310 K seen in
the inset of Fig. 4(a), and such a weak transition or shoulder instead
of a peak corresponding to TN also has been observed in Pt2MnGa due
to the presence of a small ferromagnetic component [28]. The “frozen” uncompensated spins could account for the hysteresis seen in
Fig. 4(b). This picture of a weakened intersublattice exchange in the
diluted Ru2Mn0.8Sn1.2 sample is consistent with the enhanced THE seen
in the sample discussed below (Fig. 7).
In order to understand the magnetism of the Ru-Mn-Sn alloys, we
have performed DFT calculations for the parent Ru2MnSn compound,
considering the FM and AFM spin configurations shown in Fig. 5(a) and
(b), respectively. The spin configuration of Fig. 5(b) corresponds to the
AFM type-2 structure, which has been shown to exist in Ru2MnX compounds (X = Ge, Sn, Sb) by neutron diffraction [19]. The respective total
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Fig. 5. Unit cells showing the two Ru2MnSn spin configurations considered in the DFT
calculations: (a) ferromagnetic (FM) and (b) antiferromagnetic (AFM).

energies of the FM and AFM configurations are very close, –7.9034 and
–7.8977 eV per atom, but our experiments show that Ru2MnSn is AFM.
By considering a very small difference between the total energies of
FM and AFM states (about 0.0057 eV/atom), it is also not surprising to
see FM in Ru2Mn1.2Sn0.8. As mentioned earlier, a small perturbation in
the electronic structure due to Sn deficiency or excess Mn presumably
creates FM in Ru2Mn1.2Sn0.8. DFT calculations yield a net magnetic moment of 3.01 μB/f.u for the FM structure, which follows the Nv – 24 SlaterPauling rule (Nv is the number of valence electrons) and is also comparable with the experimental value observed for Ru2Mn1.2Sn0.8 (2.54 μB/f.u).
Each Mn atom in the AFM structure exhibits a magnetic moment of about
3.27 μB shown by DFT calculations, but the net magnetic moment of the
system is zero
3.3. Magnetoresistance and topological Hall effect
Fig. 6 shows the field dependence of magnetoresistance (MR) for the
three compositions. The Mn-rich alloy exhibits the negative magnetoresistance typical of ferromagnets, caused by spin alignment in the magnetic field [29]. The MR of the parent alloy Ru2MnSn is positive, as expected for antiferromagnets, where the field has the effect of enhancing
rather than reducing the misalignment [29,30]. The Mn-poor AFM alloy
Ru2Mn0.8Sn1.2 (red) exhibits a weakly ferromagnetic MR signature, which
is probably related to the relatively high slope of the red curve in Fig.
4(b) and due to the pronounced scissor mode described below.
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Fig. 6. Magnetoresistance measured at 10 K.

Fig. 7 shows the field dependence of the Hall resistivity ρxy(B0) at 300
K (open squares). B0 = H in kG (cgs) or μ0 H in T (SI) is an external magnetic field. The Hall resistivity is often expressed as ρxy = ρOH + ρAH + ρTHE,
where ρOH = R0 B0, ρAH = 4 π M Rs, and ρTHE are the ordinary, anomalous and
topological Hall-effect contributions, respectively. In these equations, R0
is the ordinary Hall coefficient and Rs are the anomalous one.
Following the standard procedure from the literature [31–33], Ro and
Rs have been determined from the high-field ρxy(B0) data and used to extract the THE contribution ρTHE = ρxy – ρOH – ρAH (filled circles in Fig. 7).
The bumps in the Hall-effect and THE curves are characteristic of the
topological Hall effect caused by the Berry curvature. This curvature
is realized in noncoplanar spin structures, which are common in skyrmionic thin films [34,35] but also occurs in other micromagnetic systems [33]. Pictorially, conduction electrons (or holes) change their spin
direction due to the exchange interaction with the lattice spins, and the
corresponding spin rotation translates into a Berry curvature and into
an emergent magnetic field that contributes to the Hall effect.
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Fig. 7. Hall effect at 300 K: field dependences of the Hall resistivity ρxy (open squares)
and of the topological Hall effect (filled circles) as a function of external magnetic field
B0 = H in kG (cgs) or μ0 H in T (SI). The solid curves are the Hall resistivities without
the topological Hall-effect term.

The Mn-poor sample exhibits a particularly large THE (red curve in
Fig. 7), which requires a physical explanation. The topological Hall effect in ordinary antiferromagnets is expected to be virtually zero, as it is
the case for Ru2MnSn (green curve in Fig. 7). It is well-known that certain noncoplanar atomic-scale noncollinearities give rise to a substantial THE in the absence of a magnetic field, but there is no evidence for
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such spin configurations in the present system, and the zero-field THE
is zero. In other words, a small external magnetic field of about 5 kG [0.5
T] is sufficient to create a substantial THE, which cannot be explained as
an atomic phenomenon involving the electronic structure.
Our explanation is that the THE involves the antiferromagnetic scissor mode, which is schematically shown in Fig. 8(b). The propeller mode
of Fig. 8(a), which amounts to a rotation of the Néel vector N = MA – MB,
is easy to create, for example by the random anisotropy associated with
the polycrystallinity of the samples. Conduction electrons of a given spin
interact differently with the ↑ (blue) and ↓ (red) spins of the propeller
mode, which gives rise to a substantial spin Hall effect [34], but the net
spin polarization of an antiferromagnet is zero, so that the propeller
mode does not contribute to the THE.
The scissor mode, explained in Fig. 8(b), is well-known to exist in antiferromagnets and creates a small net magnetization M = MA + MB, as
schematically shown in Fig. 8(c). The new physics investigated in this
study is that any spatial variation of this mode yields a Berry curvature similar to that created by ferromagnets. The corresponding integral
Berry curvature or topological Hall effect is of the form [35]
Q= 1
4π

∫ MÂ ⋅

(

∂M × ∂M
∂x
∂y

)

dV

(1)

The question is why the THE is big in the Mn-poor alloy but small
in the stoichiometric alloy, both being antiferromagnets. The answer is
provided by the magnitude of the net magnetization, |M| ≪ Ms, where
Ms = |MA| = |MB| is the sublattice magnetization. The magnitude scales
as μoμBH/J* [36], where J* = |JAB| is the antiferromagnetic intersublattice
exchange. Exchange fields (J*/μB) are typically of the order of several
100 T and therefore much higher than typical applied fields, for example μoH ≤ 1 T (B0 = 10 kG) in Fig. 7. As a consequence, the antiferromagnetic THE is expected to be rather small.
The determination of the net magnetization M(r) is nontrivial and involves the external magnetic field H, the strength (K) and local direction
(n) of the magnetocrystalline anisotropy, the intersublattice exchange J*,
and the intrasublattice exchange stiffness (see Ref. [37] and references
therein). We assume that the crystallite or grain size is much larger than
(A/K)1/2, so that the zero-field spin structure is determined by n, which
obeys |n| = 1. Let us consider the quasiclassical model Hamiltonian:
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Fig. 8. Antiferromagnetic (AFM) magnetization modes: (a) propeller mode, (b)
scissor mode, (c) net magnetization, and (d) schematic situation in a random-anisotropy antiferromagnets subjected to a magnetic field, and (e) coordinate frames
used in the paper. The field H is perpendicular to the sample plane (ribbon plane,
x-y-plane) and the angle between H and M is θ. The angles χ and ψ are the angles
between easy axis and the sample normal and the in-plane rotation angle of the coordinate frame, respectively. The local magnetizations are in the planes created by
the dashed and dotted lines, and these planes are different in different regions (I,
II). The noncoplanarity of M(r), which gives rise to the THE, is epitomized by the
two different directions of the black net-magnetization arrows in Regions I and II
giving rise to noncoplanarities.
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H = μoMA⋅H – μoMB⋅H K2[ (MA⋅n)2 + (MB⋅n)2 ] + J∗MA⋅MB
Ms

Since MA = ½(M + N) and MB = ½(M – N) yield MA⋅MB = ½M 2 – Ms2
and
M 2 + N 2 = 4Ms2

Eq. (2) simplifies to

K [ (M⋅n)2 + (N⋅n)2 ] +½ J∗ (M2 – 2M 2 )
H = μoM⋅H 2M
2
s
s

14

(2)
(3)
(4)

Let us apply a field in the z-direction and consider a grain or crystallite with arbitrary easy-axis direction n. By rotating the coordinate frame
in the x-y plane (rotation angle ψ), we can move the easy axis into the
x-z-plane, or paper plane in Fig. 8(e). The easy-axis vector is then n =
cosχ ez + sinχ ex, where χ is the angle between easy axis and sample normal. This means that the net magnetization is also in the x-z-plane, M =
M (sinθ ex + cosθ ez) and that the Néel vector, which is perpendicular to
M, obeys N = N (cosθ ex – sinθ ez).
Equation (4) contains two independent variables, and it is convenient
to choose the magnitude M and the angle θ of the net magnetization; the
length N of the Néel vector is not independent but implicitly given by Eq.
(3). Equation (4) then becomes
ℋ = – –μoH⋅Mcosθ + Kcos(2θ – –2χ) + J*M2

(5)

where we have ignored a physically unimportant zero-point energy and
taken into account that M ≪ Ms.
Minimization of Eq. (4) with respect to M and θ yields the magnitude
of the net magnetization
μo μB H
cos(θ)
(6)
M=
J*
and the nonlinear equation

μo2 H 2
sin(2θ) = sin(2θ – 2χ)
4KJ*

(7)
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This equation has two solutions, namely
and

θ = ½ atan

(

sin(2χ)
(H/HSF)2 – cos(2χ)

)

sin(2χ)
θ = π – ½ atan (H/HSF)2 – cos(2χ)
2

(

15

(8a)

)

(8b)

here HSF = (4KJ*)½/μo is the spin-flop field, and it can be shown that the
two solutions actually reproduce the spin-flop transition [36]. In term
of Fig. 8, these transitions amount to rotation of the two spin sublattices
by 90°, from (b) to (d).
The present scenario, schematically shown in Fig. 8(d), is described
by Eq. (8a). In the high-field limit, the angle θ is small and obeys
θ(r) =

H 2SF
sin(2χ(r))
2H 2

(9)

By symmetry, θ is zero for χ = 0 (easy axis parallel to external field)
and for χ = 90° (easy axis perpendicular to external field). The angle θ
reaches a maximum at χ = 45° and ensemble-averaging over all random
easy-axis directions yields < sin2(2χ)> = 8/15, corresponding to < θ> =
0.3651 H2SF/H2. For χ = 45°, Eq. (8a) simplifies to θ = –½ atan(H2SF/H2);
this function is shown in Fig. 9 (dashed line).
Equation (1) shows that the THE scales as M3. However, this is not the
only consideration. In very high fields, Eq. (9) predicts θ ≈ 0 for all easyaxis misalignments, so that all spins are oriented in the field direction
and the gradients in Eq. (1) vanish. Furthermore, the spins must be not
only noncollinear but also noncoplanar. Equation (1) is a continuum version of the requirement to have local magnetizations M1, M2, and M3 so
that M1⋅(M2 × M3) ≠ 0. Random anisotropy satisfies this requirement, because the in-plane rotation angle ψ is different for each grain. The magnetization distribution in the grains is not known, but in fair approximation we can consider three spins characterized by common values of M
and θ while having ψ1 = 0°, ψ2 = 120°, and ψ3 = 240°, respectively. Evaluation of the cross product shows that the THE is proportional to
M1⋅(M2 × M3) = 3 √3 M 3cosθ sin2θ
(10)
2
where M is given by Eq. (6) and θ by Eq. (8a). The solid line in Fig. 9
shows the field dependence of this expression for χ = 45°.
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Fig. 9. Misalignment angle and topological Hall effect.

The THE curve in Fig. 9 exhibits a maximum at H = 1.409 HSF. The
spin-flip field is the geometric mean of the (sublattice) anisotropy field
and exchange field, and both quantities vary greatly across materials.
However, 0.5 T < μoHSF < 5 T is a typical range, and we expect the THE
maximum to be roughly in this region. Unfortunately, the anisotropy
of the present alloys is unknown and difficult to determine, also because the present material are cubic and the uniaxial anisotropy in Eq.
(2) is a qualitative rather than quantitative approximation. To explain
the difference between Ru2MnSn and Ru2Mn0.8Sn1.2 in Figs. 4 and 6, we
take into account that J* changes substantially with increasing Sn concentration. This feature follows from Fig. 4(a) to 4(b), which show that
the susceptibility dM/dH of Ru2Mn0.8Sn1.2 is nearly 6 times higher than
that of Ru2MnSn. Since dM/dH ~ 1/J*, the Sn addition greatly reduces
the exchange.
The strongly reduced intersublattice exchange has two consequences.
First, it shifts the maximum of the THE peak towards lower fields, by a
factor of about 2.4. Aside from this, Sn addition is likely to somewhat reduce the anisotropy, which would yield an additional shift. Second, Eq.
(10) can be used to estimate the height of the THE peak. With Eqs. (6)
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and (8a), it leads to the dependence ρxy(max) ~ 1/J*3/2. Comparison of
Ru2Mn0.8Sn1.2 and Ru2MnSn yields a factor of about 13, which is consistent with the much stronger THE signal of the Mn-poor alloy.
Further support for the above scenario is provided by the magnetoresistance data of Fig. 5. As explained above, Ru2Mn0.8Sn1.2 can be characterized as a diluted antiferromagnet containing uncompensated spin
clusters, although its MR signature is (weakly) ferromagnetic. This behavior is ascribed to the alignment of the direction of M in the external
magnetic field, as schematically depicted in Fig. 8(d).
The above model provides a basic explanation of THE but is only
semiquantitative. First, the precise spin structure of the sample is largely
unknown, except that there is very likely (almost certainly) a spin inhomogeneity of the type shown in Fig. 8(d). It is unclear, for example,
whether M forms skyrmions [32] or exhibits a spatial variation that reflects the magnetization history and leads to magnetic bubbles [35]. This
will replace our M1⋅(M2 × M3) estimate by a more precise spin distribution. Second, the AFM states of Ru2MnSn and Ru2Mn0.8Sn1.2 are only partially characterized. Further, Ru2MnSn sample contains a feature that
probably reflects small ferromagnetic impurity (see above), and the low
signal strength further complicates the evaluation of THE in Fig. 7. Concerning Ru2Mn0.8Sn1.2, we do not have an authoritative explanation of
the M(T) behavior, Fig. 4(a), aside from understanding the overall magnitude of M. One reason may be the interference of hysteretic effects,
as indicated by the red curve in Fig. 4(b). Third, the micromagnetic description of the spin structure is only qualitative. Equation (2) describes
a cubic crystal structure by uniaxial anisotropy. Both anisotropies yield
similar spin inhomogeneities M(r), but the random-anisotropy averaging is quantitatively different. Similarly, the intra- and interatomic exchange stiffnesses [37] are not included, which basically amounts to the
neglect of domain-wall motion.
In brief, we ascribe the THE of Ru2MnSn and Ru2Mn0.8Sn1.2 to the antiferromagnetic structure of the alloys. The THE signal is very clear, especially in Ru2Mn0.8Sn1.2, and explained by a scissor mode in combination
with polycrystalline anisotropy. The height and position of the THE maximum strongly decrease with increasing AFM intersublattice exchange
J*, which is readily obtained from the experimental high-field susceptibility dM/dH ~ 1/J*. Compared to Ru2MnSn, Ru2Mn0.8Sn1.2 has a strongly
reduced J* and therefore a strongly enhanced THE. The scissor mode is
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also seen in the magnetoresistance: Ru2Mn0.8Sn1.2 is an AFM but exhibits
a FM-like negative magnetoresistance, ascribed to a net magnetic moment associated with the scissor mode.
The antiferromagnetic scissor mode is of great current interest in
spin electronics for data information processing [38–40], because its
frequencies are in the THz region, compared to the GHz frequencies of
the propeller mode. The manipulation of the scissor mode is therefore
an important issue, and in the present case, a rapidly varying magnetic
field creates a rapid topological Hall response.
A very simple explanation of the difference between Ru2MnSn and
Ru2Mn0.8Sn1.2, corroborated by the detailed discussion above, is as follows. The THE increases with the net magnetization M(r), Fig. 8(d), and
this magnetization is created by the magnetic field. In fact, the perpendicular AFM magnetization of Fig. 4(b) is almost equal to M(r). Comparing the slopes of the red and green curves in Fig. 4(b) shows that M(r) is
much bigger for the Mn-poor alloy than for the stoichiometric alloy, explaining the substantially enhanced THE signal.
4. Conclusions
We have fabricated Ru2Mn1.2Sn0.8, Ru2MnSn, and Ru2Mn0.8Sn1.2 alloys, and
investigated their magnetic and spin-electronic properties. The alloys
crystallize in the L21 Heusler structure and exhibit drastic changes in
the magnetic properties as a function of Sn content. While Ru2Mn1.2Sn0.8
has a Curie temperature Tc = 310 K and a spontaneous magnetization of
2.52 μB per formula unit, Ru2MnSn is antiferromagnetic with a Néel temperature above room temperature. Magnetization data indicate that the
magnetic structure of Ru2Mn0.8Sn1.2 is similar to a diluted antiferromagnet which has localized regions or clusters of uncompensated Mn spins
caused by Mn deficiency. Ru2Mn0.8Sn1.2 shows a negative magnetoresistance, and a pronounced topological Hall effect, which is explained by a
new model considering a spatially varying noncoplanar scissor mode.
This research on antiferromagnetic spin structures may be important
for future THz information processing.
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